Non-Neural Reflexes: Sponges and the Origins of Behaviour  by Meech, Robert W.
In summary, the pivotal myosin VI
prestroke structure reported by
Menetrey et al. [1] resolves the mystery
of the large stroke size by a short lever
arm, and the swinging lever arm
hypothesis as a general mechanism for
myosin-mediated motility is on very
firm ground.
References
1. Menetrey, J., Llinas, P., Mukherjea, M.,
Sweeney, H.L., and Houdusse, A. (2007). The
structural basis for the large powerstroke of
myosin VI. Cell 131, 300–308.
2. Geeves, M.A., and Holmes, K.C. (2005). The
molecular mechanism of muscle contraction.
Adv. Protein Chem. 71, 161–193.
3. Toyoshima, Y.Y., Kron, S.J., McNally, E.M.,
Niebling, K.R., Toyoshima, C., and
Spudich, J.A. (1987). Myosin subfragment-1 is
sufficient to move actin filaments in vitro.
Nature 328, 536–539.
4. Rayment, I., Rypniewski, W.R.,
Schmidt-Base, K., Smith, R., Tomchick, D.R.,
Benning, M.M., Winkelmann, D.A.,
Wesenberg, G., and Holden, H.M. (1993). Three-
dimensional structure ofmyosin subfragment-1:
a molecular motor. Science 261, 50–58.
5. Rief, M., Rock, R.S., Mehta, A.D.,
Mooseker, M.S., Cheney, R.E., and
Spudich, J.A. (2000). Myosin-V stepping
kinetics: a molecular model for processivity.
Proc. Natl. Acad. Sci. USA 97, 9482–9486.
6. Park, H., Ramamurthy, B., Travaglia, M.,
Safer, D., Chen, L.Q., Franzini-Armstrong, C.,
Selvin, P.R., and Sweeney, H.L. (2006).
Full-length myosin VI dimerizes and moves
processively along actin filaments upon
monomer clustering. Mol. Cell 21, 331–336.
7. Altman, D., Goswami, D., Hasson, T.,
Spudich, J.A., and Mayor, S. (2007). Precise
positioning of myosin VI on endocytic vesicles
in vivo. PLoS Biol. 5, e210.
8. Sweeney, H.L., and Houdusse, A. (2007). What
can myosin VI do in cells? Curr. Opin. Cell Biol.
19, 57–66.
9. Menetrey, J., Bahloul, A., Wells, A.L.,
Yengo, C.M., Morris, C.A., Sweeney, H.L., and
Houdusse, A. (2005). The structure of the
myosin VI motor reveals the mechanism of
directionality reversal. Nature 435, 779–785.
10. Wells, A.L., Lin, A.W., Chen, L.Q., Safer, D.,
Cain, S.M., Hasson, T., Carragher, B.O.,
Milligan, R.A., and Sweeney, H.L. (1999).
Myosin VI is an actin-based motor that moves
backwards. Nature 401, 505–508.
11. Yanagida, T., and Iwane, A.H. (2000). A large
step for myosin. Proc. Natl. Acad. Sci. USA 97,
9357–9359.
12. Yanagida, T., Esaki, S., Hikikoshi Iwani, A.,
Inoue, Y., Ishijima, A., Kitamura, K., Tanaka, H.,
and Tokunaga, M. (2000). Single-motor
mechanics and models of the myosin motor.
Phil. Trans. R. Soc. Lond. B. 355, 441–447.
13. Rock, R.S., Rice, S.E., Wells, A.L., Purcell, T.J.,
Spudich, J.A., and Sweeney, H.L. (2001). Myosin
VI is a processive motor with a large step size.
Proc. Natl. Acad. Sci. USA 98, 13655–13659.
14. Nishikawa, S., Homma, K., Komori, Y.,
Iwaki, M., Wazawa, T., Hikikoshi Iwane, A.,
Saito, J., Ikebe, R., Katayama, E., Yanagida, T.,
et al. (2002). Class VI myosin moves
processively along actin filaments backward
with large steps. Biochem. Biophys. Res.
Commun. 290, 311–317.
15. Altman, D., Sweeney, H.L., and Spudich, J.A.
(2004). The mechanism of myosin VI
translocation and its load-induced anchoring.
Cell 116, 737–749.
16. Lister, I., Schmitz, S., Walker, M., Trinick, J.,
Buss, F., Veigel, C., and Kendrick-Jones, J.
(2004). A monomeric myosin VI with a large
working stroke. EMBO J. 23, 1729–1738.
17. Rock, R.S., Ramamurthy, B., Dunn, A.R.,
Beccafico, S., Rami, B.R.,Morris, C., Spink, B.J.,
Franzini Armstrong, C., Spudich, J.A., and
Sweeney, H.L. (2005). A flexible domain is
essential for the large step size and processivity
of myosin VI. Mol. Cell 17, 603–609.
18. Bryant, Z., Altman, D., and Spudich, J.A. (2007).
The power stroke of myosin VI and the basis of
reverse directionality. Proc. Natl. Acad. Sci.
USA 104, 772–777.
19. Park, H., Li, A., Chen, L.Q., Houdusse, A.,
Selvin, P.R., and Sweeney, H.L. (2007). The
unique insert at the end of the myosin VI motor
is the sole determinant of directionality. Proc.
Natl. Acad. Sci. USA 104, 778–783.
Department of Biochemistry, Stanford




Current Biology Vol 18 No 2
R70Non-Neural Reflexes: Sponges
and the Origins of Behaviour
Sponges ‘sneeze’ without the benefit of nerves or muscles. While genomic
analysis has uncovered a surprisingly complex set of molecular components
in these ancient metazoans, physiological studies have revealed equally
sophisticated cellular coordination.Robert W. Meech
In 1825 Robert Grant beheld, for the
first time, sponges ‘‘vomiting forth,
from a circular cavity, an impetuous
torrent of liquid matter’’ [1]. He argued
that such excretions meant that
sponges must be animals and not, as
Aristotle believed, vegetables. Now
Elliott and Leys [2], working on the
freshwater sponge Ephydatia muelleri
(Figure 1), have reported a cellular
basis for what they call sponge
‘sneezing’. The surprising thing is that
sponges have neither nerves nor
muscles with which to produce
a ‘sneeze’. Apparently the non-neural
origins of reflex behaviour are already
represented in this ancient phylum.
Sponges are multicellular animals.
They sit near the base of Darwin’s
evolutionary tree, at the interface
between the single-celled Protozoaand metazoans with nervous systems,
like those highly coordinated hunters
and trappers — the jellyfish. At some
stage in evolution, colonies of single-
cells developed a competitive edge
by moving to true muticellularity with
individual units becoming specialized
for different tasks. Cell communication
is a prerequisite for multi-tasking,
however, for without coordination the
advantages of specialization
disappear. Now, with the publication
of the genome of the demosponge
Amphimedon queenslandica (Joint
Genome Institute 2005–7), the
molecules of communication are being
identified at last. Links with higher
animals are reported monthly, such as
the signals that specify the first
embryonic axis in Amphimedon [3]
and the scaffold-like synaptic proteins
encoded in its genome [4]. Do proto-
synapses have proto-transmittersalso? And do proto-synapses lead to
proto-behaviour? Perhaps they do.
A sponge lives by filtering water for
food. Water is pumped through
a system of canals by beating flagella
in internal choanocyte chambers. The
main problem arises with damaging
sediment in the incoming water. The
threemajor classes of sponge deal with
the problem in different ways. The
glass sponges (Hexactinellida), which
apparently lack contractile cells, stop
the flow of water by directly arresting
the beating flagella with calcium
from action potentials that propagate
to them by syncytial transmission
pathways [5,6]. The cellular sponges
(Calcarea and Demospongiae), on the
other hand, have no such pathways
but regulate the incoming flow by
compressing the flagellated chambers
or by contracting the canal system (see
[7]). It is this process of compression
and contraction that Elliott and Leys [2]
have examined in detail.
It is difficult to follow the course of
contraction in a large opaque animal
like a sponge and so Elliott and Leys [2]
turned to transparent juveniles hatched
from over-wintering cysts. They found
that, by 7–10 days, the juvenile sponge
was fully formed and filtering water.
It was tent-shaped with an osculum,
Dispatch
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orifice’’, like a long central chimney.
Seen under time-lapse imaging, the
sponge would ‘sneeze’ when agitated
or when black calligraphy ink was
placed nearby. The process has three
phases. The sponge first inflates itself;
a period of hiatus follows, and then an
explosive contractile spasm causes
accumulated indigestible matter to be
expelled through the osculum. Each
cycle lasts about 30 minutes but the
event is characterized not so much by
the strength or speed of the contraction
as by its timing.
Following this process in detail
reveals just how remarkable it is.
Immediately ink is added to the
incurrent water, the osculum contracts
and its tipbecomesconstricted. Shortly
afterwards there is a flattening of the
tent-like apical pinacoderm. This
double layered sheet of cells encloses
the subdermal space and forms the
surface of the animal. Its outer layer is
pierced by numerous ostia.Water flows
through the ostia into the subdermal
space and then to the incurrent canal
system via sieve-like prosopyles. The
entry of ink into the incurrent canals
triggers waves of peristalsis-like
contractions there, which pull open the
excurrent canals running alongside.
Water is drawn through the ostia and
pushed by peristalsis into the
choanocyte chambers and then via the
excurrent canals out into the osculum,
so that the excurrent canals and the
base of the osculum all become
inflated. Eventually whole fields of ostia
start to close, but inflation continues
until the contraction of the osculum and
excurrent canals together forces
a gobbet of inky water up the chimney
and away. At this time the apical
pinacoderm flattens transiently as if the
subdermal cavity is experiencing
a negative pressure. Reopening of the
ostia is coincident with the return of
the apical pinacoderm to rest.
Defensive Barriers
From the preceding description we
deduce that Ephydatia is constructed
like a fortress with multiple layers of
defense. At the first line of defense,
noxious invading particles are denied
access by narrow ostia. Those particles
that do manage to enter the subdermal
cavity are prevented from entering the
canals by the second line of defense,
the prosopyles. Individually their
sieve-like structure provides a high
impedance towater flow, but their largenumber reduces their contribution to
what overall is a very low impedance
system [8]. Under normal conditions
the choanocyte pumps remove water
from the subdermal cavity as fast as it
can be replaced by flow through the
ostia. If flow through the ostia is
rate-limiting and low, the subdermal
cavity will collapse so that the outer
layer of the apical pinacoderm may
even occlude the prosopyles — a
possible third line of defense.
To prevent the apical pinacoderm
collapsing, we may suppose that its
upper layer is under tension. We may
further suppose that this tension arises
from continuous tracts of actin that
span the whole sponge [2]. These
tracts are in the basal layer of the apical
pinacoderm, not the upper layer, and
so if tension were to be relaxed, the
whole tent-like structure would flatten,
as indeed it does in the presence of ink.
Nitric oxide, which relaxes muscles in
the Cnidaria [9], is a candidate as a
mediator of this event, more especially
because nitric oxide synthase has been
detected in the apical pinacoderm
(S. Leys, personal communication).
The incurrent canals provide a fourth
line of defense, for, if the small particles
that get through the initial vetting
system prove to be noxious, the
peristalsis-like canal movements force
the water into the choanocyte
chambers and beyond [2]. Peristalsis
is a high impedance, high-pressure
pumping system [8] suitable for
clearing canal blockage. Presumably
it can operate even if the flagella are
immobilized.
The sponge’s final defensive action is
to eject the contaminated water as far
away as possible. Sponges normally
accomplish this in two ways. First, the
tip of the osculum is well away from the
surface of the apical pinacoderm;
second, the water travels up through
the relatively narrow chimney at a high
velocity so that its momentum takes it
beyond the sponge’s water collection
area [10]. When stimulated with ink, the
sponge’s first protective response is
to contract its osculum [2]. This has
an advantage if the sponge is being
threatened by particulates in the
incoming water. Water that has passed
through the sponge has been cleared
of debris and is effectively sterile. By
retaining this water within its collection
zone, the sponge increases its chances
of taking up clean water.
Temporarily at least, this seems
a logical strategy. The sponge’s majorcommitment is to inflation, however.
Constriction of the osculum tip
markedly reduces the water outflow [2]
leading to a build-up of tension at the
base of the osculum. This means that
when the contraction finally comes, the
contaminated water is ejected at high
velocity. Most of the ostia are closed so
little water is forced back through the
system. The fact that some ostia
remain open and that particles in the
subdermal space can be blown out
through them [2] is an indication that
the ‘sneeze’ is a generic response to
a multitude of threats, as indeed the
similarity of its response to vibration
and to ink seems to testify.
The Elements of Non-Neural
Coordination
Water flows rapidly through the
osculum because its cross-sectional
area is small compared to that of the
choanocyte chambers [8], but this flow
will be sensitive to obstruction
anywhere within the sponge. If we were
designing a flow-sensitive system it is
here that we would place our sensors.
Indeed evolution may have come up
with the same solution. The osculum
does contain isolated cells with paired
cilia that could conceivably detect
changes in water movement (S. Leys,
personal communication). What is
more, the osculum is the first structure
Figure 1. The sponge Ephydatia muelleri.
Top: view of the freshwater sponge Ephydatia
muelleri from above showing inflated excur-
rent canals and osculum (arrowed). Bottom:
side view of the sponge in its normal state
with its raised osculum. (Photo: Sally Leys.)
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sensory cells are as likely to be found
there as anywhere. But how do these
putative sensory cells communicate
with the contractile apparatus?
It is tempting to imagine that some
of the faster contractions in Ephydatia
might be coordinated by electrical
conduction, but this seems unlikely.
Although action potentials have been
recorded from the glass sponge
Rhabdocalyptus, the cellular pathways
through which they propagate are
either syncytia or cells coupled
together with gap-junction-like
structures [5,6]. There seem to be
no syncytia or electrical coupling in
cellular sponges and, as no innexin or
connexin-like molecules have been
identified, it is likely that they rely on
chemical messengers instead. The
observation that cells crawling in the
mesohyl stop moving as a contraction
passes by strongly suggests this [2]. To
enable waves of contraction to travel
along incurrent canals without affecting
excurrent canals, messengers and
receptors must be cell-specific.
Fortunately there is no shortage of
candidate molecules. A wide range of
different agonists including
g-aminobutyric acid (GABA) and
L-glutamate cause contractions in the
marine demosponge Tethya wilhelma
[11,12] while metabotropic glutamate
receptors have been cloned from
Geodia cydonium [13]. Genes encoding
the entire ionotropic glutamate
receptor family are missing from the
Amphimedon genome however [4].
In considering the possible sources
of these chemical agents we might
remember that sponges exist at the
interface between the single-celled and
multi-celled worlds. Sponges not onlyPlant Roots: Recyc
Energizes Patternin
Recent studies show that, in plant root
mechanisms operating at cell and tissu
a self-sustaining distribution of the horm
for developmental patterning and grow
Peter Doerner
Auxin is essential for plant growth and
cell division, and its flux pattern in the
root tip is instructive for tissuefeed on bacteria, they coexist with
them. Many species have, within their
mesohyl, a mass of highly specific,
possibly symbiotic, bacteria,
completely separate from the outside
world [14]. A reduced flow within the
canal systemmay cause these bacteria
to alter their metabolism, particularly if
carbon dioxide levels rise. The release
of L-glutamate, synthesized using
glucose and carbon dioxide, from the
marine equivalent of Corynebacterium
glutamicum, could cause a generalized
contraction of sponge tissues.
Conclusion
The sponge’s ‘sneeze’ is a truly
integrated protective response;
damage to any part of the system
disrupts water flow and stops the
cycle. The great advantage of studying
it in Ephydatia is that the entire canal
system is visible so that many of the
hypothetical functions proposed here
can be tested by locating pressure
sensors at different points within the
circuit. The role of chemical agents and
stretch-activated channels in
promoting calcium dependent
contractions can also be monitored
using visible dyes and indicators.
Current genome analysts have much
in commonwithRobert Grant. Both find
the single cell/multicellular interface
productive and both interpret the
sponge’s orifices and molecules by
analogy with structures in more familiar
animals.Bygivingusa tool tostudynon-
neural coordination, Elliott and Leys [2]
have provided a new analog with which
to interpret higher animal function.
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(Figure 1). This model does not,
however, address the mechanism by
which the auxin distribution pattern is
generated and maintained to function
as a morphogen in a continuously
growing system. Three studies [3–5]
have now revealed key coupled
mechanisms that operate in root tissue
patterning and growth control.
Auxin is the only plant growth
regulator that is transported and
incessant polar movement is central
to its function. As a result of its
amphiphilic nature, auxin readily enters
